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Introduction
Metal-organic chemical vapor deposition (MOCVD) is recently considered as an important technique for manufacturing high-quality coatings of various semi-conducting materials. Aluminum-based MOCVD has been widely used for highly conformal coverage of complex surfaces and good contact fill in the production of integrated circuits. Among the metal-organic precursors for Al MOCVD, dimethylethylamine alane (DMEAA) has been extensively used during the last decade, due to its attractive properties, such as the relatively high vapor pressure at room temperature and its liquid state [1, 2] . In addition, DMEAA contains no direct Al-C bonds, thus ensuring the production of carbon-free aluminum films [3] .
The successful implementation of a MOCVD process in the large-scale production of semi-conducting compounds depends on the ability to determine optimal operating conditions in a well-designed reactor configuration. Transport phenomena are very complex in MOCVD processes and to predict the film growth rate accurately, gas flow, heat transfer and chemical reactions have to be considered simultaneously. Numerical simulations based on computational fluid dynamics (CFD) have been used successfully in recent years to design new MOCVD reactors or to find the optimal operating conditions for existing designs [4] [5] [6] . However, few simulations have been reported for Al MOCVD from DMEAA [7] .
Aiming, in the near future, at the manufacturing of metallurgical coatings composed of Al-Cu complex metallic alloys, deposition experiments and CFD simulations were combined in this study in order to develop a predictive model for aluminum growth through DMEAA dissociation in sub-atmospheric pressure (about 10 Torr) and in the temperature range of 473-493 K. This temperature range was selected because it is compatible with MOCVD of Cu from CpCuPEt 3 as shown in a companion paper in this volume [8] . The availability of a commercial CFD code to solve the coupled differential equations assisted the numerical analysis of the aluminum MOCVD process. This leads to a reduction of the number of experiments required and, therefore, of the total cost of the process optimization.
Experimental procedure
Aluminum deposition was experimentally investigated in the cylindrical, low-pressure MOCVD reactor, illustrated in Fig. 1 . The reactor is equipped with a showerhead above a 304L-stainless steel susceptor. The outer walls of the reactor are made of stainless steel 316L. The dimensions of the showerhead are 17 mm (height) × 62 mm (inner diameter). The shower plate (0.5 mm × 60 mm) consists of 1450 holes of diameter of 0.38 mm. Single-cystalline silicon substrates (5 mm × 10 mm) were placed at specific positions on the susceptor.
Aluminum 
DMEAA vapor was delivered to the reactor chamber using a bubbler, maintained at 281-282 K. Mass flow controllers delivered 99.999% pure nitrogen that was used as carrier gas and as dilution gas.
A mechanical pump, along with a pressure measurement device and a control system (MKS), was employed to maintain the total pressure in the reactor at 10 Torr during the deposition experiments. Heating is provided from the susceptor through a resistance coil gyred just below the surface. A K-type thermocouple connected to a controller and placed inside the susceptor was used for the temperature control of the silicon substrate. Temperature at inlet and reactor walls was also measured during the deposition experiments. Typical operating conditions are summarized in Table 1 . Upon completion of the deposition step, the power was turned off so that the samples cooled down at room temperatures in a N 2 gas stream. Deposition rate was measured at five positions over the substrate, through the weight gain of each sample.
Mathematical model
The phenomena involved in MOCVD processes include coupled fluid flow, heat transfer, mass transport of multiple gas species and chemical reactions in the gaseous phase and on the heated substrates. In this study, the coupled partial differential equations for the conservation of momentum, energy, total mass and individual species were used to develop a mathematical model of the Al deposition process. Some reasonable simplifying assumptions have been made to reduce the complexity of the numerical problem, as follows: the gases, being highly diluted in nitrogen, are considered to obey the ideal gas law and Newton's law of viscosity; the gaseous mixture is assumed to behave as a continuum under steady state conditions; heating due to viscous dissipation is neglected; pressure variations in the energy equation are neglected as the Mach number is very small. The gas flow is characterized by a low Reynolds number Radiative heat transfer primarily occurs through the exchange of thermal energy between the susceptor and the solid parts of the reactor. Due to the low deposition temperatures (473-493 K) examined in the present study, the addition of radiation effects is not expected to be significant. Hence, heat transfer due to radiation is not accounted for in the simulations. Mass conservation accounts for multicomponent as well as thermal diffusion. All equations above can be cast in the following general form [9] :
In Eq. (2), ρ is the density, Y V is the velocity vector, Γ φ n is the effective exchange coefficient of variable φ n and S φ n is the source/sink term expressing the production/consumption of φ n inside the domain of interest.
The boundary conditions were taken as follows:
• At the inlet, the velocity distribution is considered uniform; the gas feed is assumed to be at 338 K; the species mass fractions are set at the experimental values.
• At the outlet, exiting gases are supposed to flow in an environment of specified operating pressure; zero normal derivatives are applied for all dependent variables (velocity, temperature and mass fractions).
• At the symmetry axis, zero normal derivatives are applied for all dependent variables.
• At any solid surfaces, the no-slip condition for gas velocity is applied.
• At the outer walls of the reactor, the temperature is fixed at 298 K.
• At the shower plate, the pressure drop is specified; the porosity of the plate is defined.
While the simplification of uniform substrate surface temperature is commonly used in the numerical simulation of CVD processes (e.g., [10, 11] ), a conjugate heat transfer model between the heating susceptor below the substrate and the fluid above it is closer to the experimental setup. In the present model, this is achieved through coupling of the substrate surface temperature to the convective heat transfer of the inlet gas and the conductive heat transfer within the stainless steel susceptor. The temperature was fixed to the experimentally measured value inside the susceptor at a position of 3-4 mm from the substrate surface.
At the substrate surface, the flux of each chemical species, reactant or product, is determined by the diffusion rate to the substrate surface as explained below.
Previous experimental work of our group has shown that the kinetically-controlled regime extends between 403 K and 463 K. Jang et al. [3] reported a transition temperature of 433 K for the Al growth with DMEAA source on Si, SiO 2 and TiN substrates. As mentioned in the Introduction, Al growth through DMEAA dissociation is investigated in the temperature range of 473-493 K, where the growth takes place in the transport-controlled regime. The growth rate is described by the formula adopted by many researchers [12, 13] that combines gas-phase diffusion of reactants to the substrate surface and surface chemical reactions. In the transport-controlled regime surface reaction is very fast, thus chemical kinetics is not accounted for in the simulation, and the growth rate approaches the diffusive flux of the reactants to the substrate surface. The sticking coefficient of DMEAA on open adsorption sites is assumed to be 1.0. The rate of consumption of the reactant and the rate of production of the species, based on the growth rate according to the stochiometry of the overall surface reaction (Eq. (1)), are applied as boundary conditions to the diffusion equations.
The species included in the gas mixture are the ones appearing in the overall dissociation reaction (Eq. (1)). The absence of other gas-phase species is supported by previous studies [14] [15] [16] . Experimental results implied that DMEAA dissociates readily in DMEA and alane and the epitaxial growth of Al films arises from alane activity on the film surface [14, 15] . The elementary surface reactions of alane and its dissociation products have been further investigated, employing density functional theory and a cluster model [16] .
Detailed description of mixing rules used for the calculation of the properties of the N-component gas mixture can be found in Ref. [17] . The Lennard-Jones parameters of the different chemical species are taken from Ref. [7] . The MOCVD process model is implemented in PHOENICS, a commercial CFD code [18] , which is based on the finite-volume method (FVM). Details on the solution procedure are given in Ref. [19] . The two-dimensional computational domain was spatially discetizated in curvilinear coordinates [20] in order to support the detailed description of the showerhead. The total number of finite volumes required to produce a grid-independent solution was equal to 33.075 (105 × 315 (NX × NZ)) and typical CPU time for obtaining a converged solution of the coupled equations is about 120 min on a 2.8 GHz Pentium 4/1.0 GB RAM. Fig. 2 shows the isotherms and velocity vectors, calculated at the typical operating conditions summarized in Table 1 . As it is clearly shown, the temperature field is uniform above the substrate surface, which is a consequence of the fact that conduction is dominant compared to convection. In the upper left part of the reactor, the isotherms follow the shape of the showerhead, an implication of the heat transfer through the showerhead walls.
Results and discussion

Model predictions at typical conditions
The temperatures at the shower plate were set at their experimentally measured values, for different substrate temperatures. It was observed that this practice did not affect the characteristics of the temperature distribution inside the reactor.
The velocity vectors in Fig. 2 illustrate a large recirculation zone in the showerhead. The presence of this relatively large zone may be attributed to the local pressure drop, due to the flow velocity increase and the change of the flow direction at the showerhead. This zone will trap the gas mixture components inside the showerhead and cause the precursor to condensate, a highly undesirable scenario. However, it may provide premixing of the gas mixture components, which is beneficial to the thickness uniformity of the film. A second recirculation zone appears under the substrate; this weak recirculation is mainly due to the expansion of the flow path.
The radial distribution of the normalized species mass fractions just above the substrate surface, at the typical operating conditions, is shown in Fig. 3 . N 2 concentration is particularly uniform in the radial direction, with an almost constant mass fraction of 0.98. DMEAA mass fraction remains constant at 1.55 × 10 − 2 and it increases a little at the end of the substrate. As expected, an inverse trend is observed for the DMEA and H 2 , which are the main reaction products. Specifically, the DMEA mass fraction starts decreasing from 1.44 × 10 − 3 to 1.03 × 10 − 3 at 15 mm from the center of the substrate. Finally, the H 2 mass fraction varies between 1.85 × 10 − 5 and 1.39 × 10 − 5 , from 10 mm to 25 mm along the substrate. These results actually represent the formation of an aluminum thin layer on the substrate surface.
Comparison of experiments and predictions
The experimental measurements are compared with the model predictions, at 473 K and 493 K, in Fig. 4a and b , respectively, while all other operating parameters correspond to the typical values summarized in Table 1 . The predicted growth rates are calculated as explained in the Mathematical model section without any parameter fitting. According to the experimental measurements, the growth rate increases in the radial direction at both temperatures. The results in Fig. 4a (473 K) indicate that the model predictions of the increase of aluminum growth rate in the radial direction are in fair Fig. 3 . Normalized species mass factions in the radial direction of the substrate, at the typical operating conditions summarized in Table 1 . Table 1. agreement with the measurements. Taking into account that the experimental error for the growth rate is ± 8 Å/min, the comparison in Fig. 4b (493 K) is satisfactory. Moreover, the experimental growth rate at 493 K is smaller and it seems to be less uniform compared to the growth rate at 473 K. Note that the slight decrease of the experimentally observed growth rate with temperature has also been observed by the computations and is attributed to reduction of the diffusive flux due to thermal diffusion [21] . Specifically, the calculation of diffusive mass fluxes due to thermal diffusion is based on an exact formula, using binary thermal diffusion coefficients [22] . When temperature increases from 473 K to 493 K, the binary thermal diffusion coefficient increases and the DMEAA mass fraction decreases from 1.55 × 10 − 2 to 1.47 × 10 − 2 at the center of the substrate and from 1.62 × 10 − 2 to 1.54 × 10 − 2 at the edge of the substrate, respectively. The lower DMEAA mass fractions at 493 K yield smaller growth rates.
Concluding remarks
This work provides a computational framework for the analysis of aluminum growth through dimethylethylamine alane dissociation under low-pressure conditions. A computational fluid dynamics model is developed to describe the complex transport phenomena involved in a vertical cold-wall MOCVD reactor. The model was found to predict, fairly well, the experimentally measured growth-rate profiles in the radial direction. It was found that increasing the temperature from 473 K to 493 K, the growth rate decreases by approximately 5.7%.
